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ABSTRACT: We use subcycle time-resolved photoemission
microscopy to unambiguously distinguish optically triggered
electron emission (photoemission) from effects caused purely
by the plasmonic field (termed “plasmoemission”). We find
from time-resolved imaging that nonlinear plasmoemission is
dominated by the transverse plasmon field component by uti-
lizing a transient standing wave from two counter-propagating
plasmon pulses of opposite transverse spin. From plasmonic
foci on flat metal surfaces, we observe highly nonlinear plas-
moemission up to the fifth power of intensity and quantized

energy transfer, which reflects the quantum-mechanical nature of surface plasmons. Our work constitutes the basis for novel
plasmonic devices such as nanometer-confined ultrafast electron sources as well as applications in time-resolved electron

microscopy.
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above-threshold photoemission

Ever since the first quantum-mechanical explanation of the
photoelectric effect by Einstein, light-induced emission of
electrons from metallic surfaces has been an intensively studied
phenomenon.' ™ It was discovered that plasmonic resonances
can dramatically increase the photoemission yield,”” and recently
it was found that plasmonic near-field enhancements may drive
systems even into the strong-field regime.*™'* A clear distinction
between electron emission from optical and plasmonic fields,
however, was not possible until now.">"*

Surface plasmons are electron density oscillations that
exist at the interface between a metal and its dielectric sur-
rounding. Light can couple to such plasmons and induce
large local electric fields, forming surface plasmon polaritons.
If the field strength is high enough, several photons can
combine their energies and enable electrons to exceed the
work function of the surface, thus causing photoemission.
Among other techniques like scanning near field optical
microscopy (SNOM),">'¢ leakage-field radiation microscopy
(LFRM),"""® or cathodoluminescence scanning transmission
electron microscopy (STEM-CL)," time-resolved photo-
emission microscopy (PEEM) has been utilized to image
propagating surface plasmons.”’~>* Surface plasmon inter-
ference,”"*> surface plasmon dispersion,” surface plasmon
focusing,26 and plasmon routing,27’28 as well as localized
plasmons in restricted nm-sized geometries' "*”*° have been
observed. Also, PEEM has been utilized to image short-range
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plasmon propagation as well as plasmonic focusing”' and
plasmonic orbital angular momentum dynamics.””

However, in all of these experiments, it was debatable
whether the electron emission originated from the light field or
rather from plasmons directly. Merschdorf has pointed out
more than 15 years ago that several excitation pathways can
result in the liberation of a photoelectron.*

Here, we add an important new dimension to photoemission
science from nanostructured metallic surfaces by imaging
the dynamics of nonlinear plasmoemission, which represents the
decay of a collective excitation of the electronic system to a
single electron and subsequent emission of this electron.
We utilize space-time domain electron emission microscopy to
distinguish optical from plasmonic emission and demonstrate
processes where up to five plasmons simultaneously cause the
emission of a single electron of high energy. We detect the
liberated electrons with spatial and energy resolution.

Figure la shows a sketch of the experimental setup.
The linearly polarized laser pulses (800 nm, 1.55 eV) impinge
on the sample along the surface normal. The electrons emitted
from the sample are projected onto a detector. The acquisition
time of the detector is of the order of seconds; that is, the image

Received: May 27, 2017
Revised: ~ September 16, 2017
Published: September 25, 2017

DOI: 10.1021/acs.nanolett.7b02235
Nano Lett. XXXX, XXX, XXX—=XXX


pubs.acs.org/NanoLett
http://dx.doi.org/10.1021/acs.nanolett.7b02235

Nano Letters

fs

laser pulses

! Screen
= ¢
3N
— ®
(| °
E Beam
- separator
E Electron
: objective
—— Sample

t=t,

>t

» LaserPulse

s

4_ Grating coupler

C Static

Grating coupler

d

t=t,

tt,

"SPPPumpSPP!
220 < STE)

4 Grating coupler®

Probe

th Aff
A<l

e Transient standing SPP wave
(plasmoemission)

t _____ Gratin

g coupler

Figure 1. Experimental observation of plasmoemission. (a) Sketch of the experimental setup. (b, d) Ilustrations of the experiments, side view.
(¢, e) 2PPE PEEM images, top view, scale bars correspond to S yum. (b, c) A laser pulse excites a propagating SPP pulse at a linear grating coupler.
During its propagation across the surface, the SPP decays and excites electrons that are emitted. (d, e) Two laser pulses excite two counter-
propagating SPPs at two linear grating couplers. The SPPs are probed and interfere with each other, resulting in the signatures (3, 4) and (2, 5),
respectively. A systematic numbering of the signatures is discussed in the context of Figure 2 and in the Supporting Information (Figure SI).
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Figure 2. Analysis of the measurement signatures and transient standing SPP wave. (a, b) Stack of line profiles along the dashed horizontal white line
in Figure le for different delays At between the laser pulses. (a) Experimental result. (b) Simulation result based on eq 1 with a = 5.8, f#*/a* = 2
considering the fields at the interface inside the metal. (c) Concept of spatiotemporal overlap illustrated by “space-time diagrams” for two different
delays At. (d, e, f) Simulation results for the inset region with (d) a = 1, f*/a*=2, (e) a = 5.8, f=0,and (f) @ = 5.8, f*/a* = 1. (g) Electric field
and corresponding polarization charge density p,, of a (standing) SPP wave at a fixed time.

acquisition is time-integrated and accumulated over a large

number of pulses.

Figure 1b,c illustrates the contrast formation process. As
sketched in Figure 1b, a fs laser pulse impinges on the surface

and excites a fs SPP pulse at a linear grating coupler, which

propagates across the surface. Figure lc shows a typical two-

photon photoemission (2PPE) based PEEM image from the
vicinity of a linear grating coupler in a polycrystalline Ag film
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after lowering the work function by Cs. During the first 20 fs of
propagation, the SPP is coherently probed by the same laser
pulse that excited the SPP. Interference between the laser and
the SPP leads to a fringe pattern with a periodicity of the SPP
wavelength in the vicinity of the grating coupler [signature (4)
in Figure Ic, note that a systematic numbering of the signatures
will be introduced later in the context of the discussion of
Figure 2 and is illustrated in Supplementary Figure S1].
However, there is additional contrast further away from the
grating coupler, where the laser pulse and the SPP are never
present at the same time. Apparently, electrons are emitted in
areas where the SPP propagates across the surface. To distin-
guish the laser-based photoemission from this plasmon-driven
electron emission, we will refer to the latter as “plasmoemission”.

Figure 1ld,e shows the situation for two linear grating
couplers on an atomically flat, single crystalline gold surface
(cesiated), where two fs laser pulses that are time-delayed by At
impinge onto the surface. Each of the laser pulses excites a pair
of counter-propagating SPPs at the opposing grating couplers.
The 2PPE PEEM images in Figure le are acquired at different
delay times At. For both delays, the same fringe pattern as
before (signature 4) appears in the vicinity of the grating
couplers. Furthermore, the signature of a transient standing
SPP wave is always present in the center between the two
couplers (signature 2). The signature of the standing wave
pattern exhibits a spatial periodicity of half the SPP wavelength
and is spatially well-separated from signature (4). From the
latter, we can conclude that electron emission from the tran-
sient standing wave is solely caused by the SPPs; signature (2)
must thus be ascribed to plasmoemission as well.

After excitation, the SPPs propagate across the surface with
almost the speed of light in vacuum. For a delay time of
At = 33.3 fs, the SPPs excited by the pump pulse are probed by
the second laser pulse after they have propagated ~10 pum,
leading to the pump—probe signature of a propagating SPP
(signature 3). The fringe spacing of signature (3) resembles
the SPP wavelength since the probing occurs with a fixed
coherent phase relation and the laser pulses impinge on the
surface along the surface normal.’* In contrast to the afore-
mentioned signatures (4) and (2), signature (3) is delay-time
dependent.

We will now address the delay-time dependence of the
signatures. Figure 2a shows a stack of spatially averaged
line profiles taken along the horizontal dashed white line in
Figure le from 2PPE PEEM images acquired at different delays.
In total, eight different measurement signatures, that is,
signals with a periodicity in space or delay time, are present.
The aforementioned signatures (2)—(4) and their dependence
on the time delay are clearly visible (note that the signature
labels are shown in the adjacent simulation panel in Figure 2b).
Signatures (6)—(8) result from a partial reflection of the SPPs
at the opposing grating couplers.

The formation of all signatures and their delay-time
dependence can be understood with the help of “space-time
diagrams” that illustrate the trajectories of the laser and SPP
pulses in (one-dimensional) space x and time t. Figure 2c
depicts two of such diagrams for different delays At between
the pump- and probe pulses (more diagrams for different delay
times are given in Supplementary Figure S1). The x coordinate
axis is chosen along the horizontal dashed white line in
Figure le, and the grating couplers are at positions 0 and d.
The trajectories of the SPPs excited by the pump- and probe
pulse are shown in red and blue, respectively, and the propagation

directions of the SPPs are indicated by arrows. Reflected SPP
pulses are indicated by dashed lines. The slope of the SPPs
trajectories is determined by the inverse of the SPPs group
velocity v,. The laser pulses are plotted in this representation as
horizontal lines at times t = 0 and t = At.

The aforementioned signatures are formed, whenever a
spatiotemporal overlap of two pulses occurs, which results in an
interferometric correlation signal. These situations are indicated
by the numbered black dots in Figure 2c. Due to the time
integration of the detector, noninterfering (single pulse) contri-
butions to the measurement signal appear as a homogeneous
background, featureless in space and delay time. Table 1

Table 1. Classification of the Measurement Signatures

type spatial periodicity examples
semipropagating As 3), @), (7)
counter-propagating As/2 (2), (5), (8)
copropagating none (1), (6)

classifies the different signatures: Semipropagating signatures
(3, 4, 7) are formed whenever a SPP interferes with a light
pulse; counter-propagating signatures (2, S, 8) are created
by the interference of two counter-propagating SPPs.
Copropagating signatures (1, 6) result from the interference
of pulses that propagate in the same direction. All three types
of signatures exhibit characteristic spatial periodicities (see
Table 1). The observation of the novel plasmoemission
signatures (2), (5), (6), and (8) poses a paradigm shift in
time-resolved surface plasmon-based photoemission micros-
copy: Up to now, time-resolved imaging of SPPs was
accomplished by interfering the surface plasmon waves with a
probing laser pulse.”” Here, we observe two different surface
plasmon waves probing each other. This plasmoemission-based
probing mechanism can be employed, for example, to virtually
increase the time-resolution, as is the case for signatures (S)
and (8) propagating only with half of the SPPs group velocity
vg/2. Furthermore, the plasmoemission signatures provide us
with novel insight into the electron emission process as
revealed by the following analysis.

Figure 2b shows the result of a numerical simulation in the
same representation as the experimental result in Figure 2a.
The simulation is based on the known analytical solution of
Maxwell’s equations for the electromagnetic fields of the
SPPs* ™7 and the laser pulses. We assume a Gaussian pulse
shape and use the relative pulse amplitudes as input parameters.
For strong plasmonic fields and normal-incident light, the
commonly used yield model for 2PPE PEEM’' must be
extended to incorporate the out-of-plane electric field
component of the SPP as will be discussed below. Followin:
the ansatz of the surface and volume photoelectric effect®® ™™
the 2PPE PEEM vyield Y,ppg in the simulation is calculated using

Yyppp / (E*dt + o* / (EH)*de
—— ——

volume effect

+ B / (EN?-(EY)dt

surface effect

~
volume and surface effect ( 1)

where Ell and E* are the (macroscopic) electric field components
parallel and perpendicular to the surface resulting from the super-
position of all laser-light and SPP contributions, respectively.
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The parameters a and f are real numbers. The simulation
result shown in Figure 2b has been carried out with ﬂz/ at=2
and o = 5.8, by considering the fields at the interface inside the
metal only [(E")> ~ E? which is proportional to the time-
dependent electromagnetic energy density*'].

The yield model given in eq 1 can be validated by an analysis
of the standing-wave SPP field, which is formed by the inter-
ference of the counter-propagating SPP pulses. The antinodes

of the in-plane EQ and the out-of-plane component ESl of the
SPP’s electric field are (at all times) spatially separated by A¢/4
with respect to each other, as illustrated in Figure 2g. This
spatial separation of the electric field components is caused by
the opposite transverse spin42’43 of the counter-propagating
SPP pulses (just like two counter-propagating circularly
polarized light pulses of opposite helicity would create a
standing wave where s- and p-polarized fields are fixed in space,
oscillate in time, and are shifted by a quarter light wavelength
with respect to each other). As highlighted by the insets in
Figure 2ab, also the plasmoemission signal (signature 2) is
maximal at locations shifted by As/4 with respect to the
locations where the delay-time dependent probing signal
(signature 3) is maximal. Since the probing contrast is caused
by the interference of the normally incident laser light with the
in-plane component of the SPP’s electric field,"* we conclude
that the plasmoemission signal is predominantly governed

by the out-of-plane component of the SPPs electric field ESJ' .
This important finding is intimately related to the underlying

emission process and motivates an o > ./—€_ /€, in the second

term in eq 1. Furthermore, the experimental result indicates the
occurrence of a mixed volume and surface effect 2PPE process
(third term in eq 1). Indeed, all three terms in eq 1 contribute to
the observed electron yield, which is confirmed by the simulation
results shown in Figure 2b and d—f.

After having shown that plasmoemission is predominantly
governed by the out-of-plane electric field component rather
than the total electromagnetic field density at the surface, we
are now going to address the energy transfer from a collective
SPP wave to a single electron. To achieve higher SPP field
strengths, we employ a circular grating coupler for the focusing
of SPPs as sketched in Figure 3a. Again we make use of
the SPPs transverse spin to create a transient standing SPP
wave (signature 2), in which the SPPs’ electric field com-

ponents E! and ESJ' are spatially separated. Figure 3b shows
three energy-filtered electron microscopy images of the plas-
moemission focus spot profile of a circular grating coupler
(with a diameter of 40 ym) in a thin Ag film under fs laser pulse
illumination at zero time-delay. The (minimal order and thus
dominating) multiplasmon plasmoemission (MPPE) processes
corresponding to the pass energies are indicated in the top left
corners of the images. As before, plasmoemission takes place

predominantly at locations of maximal ESl . Particularly for the
highly nonlinear emission processes this finding becomes even
more evident. Figure 3d shows the logarithmically scaled
plasmoemission energy spectrum of the emitted electrons
obtained from a series of energy-filtered images. The spectrum
exhibits edges that are interpreted as replica of the Fermi edge
at energies corresponding to multiples of the SPPs energy
(Aw = 1.55 eV) and cannot be explained by a nonlinear
susceptibility. Indeed, it reveals the quantum nature of the SPP,
in analogy to the classical Franck—Hertz experiment from 1911
that demonstrated multiple quantized energy ionization steps
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Figure 3. Multiplasmon plasmoemission of electrons from focused
surface plasmon polaritons. (a) Sketch. (b) Energy-filtered plasmoe-
mission based electron microscopy images of the focus spot at
energies corresponding to different emission orders. Work function
@y, = 4.26 eV.* Scale bar: 1 ym. (¢) Corresponding simulation results.
(d) Plasmoemission energy spectrum. The blank symbols indicate a
partial saturation of the detector. Inset: Log—log plot of the
plasmoemission yield vs laser power dependencies at the electron
energies which are indicated by the vertical colored stripes.

in gases. This interpretation is supported by energy-filtered
yield Y, ppg; vs laser power I measurements (inset of Figure 3d),
showing characteristic yield dependencies Y,ppz o I" for
multiplasmon processes n = 3, 4, 5. To the best of our
knowledge, this is the first report of surface plasmon-mediated
electron emission up to fifth order from an isolated surface
plasmon wave in a defined emission geometry on a flat surface
and without the presence of photons.

Notably, the observed power laws follow heuristically from
the statistics of a small number of plasmons that is randomly
absorbed by a much larger number of electrons. The Poisson
distribution states that the probability for an n-th order
absorption process is given by p,(&) = £"/n! exp(—=&) — £"/n!
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for £ — 0, where ¢ is the ratio of absorbed plasmons to
electrons. The measured yield dependencies and the MPPE
PEEM images shown in Figure 3b suggest a generalization of
the two-plasmon emission in eq 1 into a n-plasmon version in
the form Y, ppp /{(E“)2 + a*(EY)*Y" dt with f2/a? = 2 from
the previous analysis. Figure 3¢ shows corresponding simula-
tions of the MPPE plasmoemission patterns in the focus region
(more details of the simulation method are given in ref 46).
The simulation results are in good agreement with the measure-
ments, apart from a small Ag surface roughness related spatial
yield modulation.

In conclusion, our time-resolved imaging experiments illu-
strate that emission of electrons from a plasmonic field can
be the dominant contribution in photoemission experiments.
By separating fs laser pulses from fs SPP pulses in space and
time, we were able to disentangle light-induced photoemission
and nonlinear plasmoemission on flat metallic surfaces. By
exploiting the opposite transverse spin of two counter-propagating
SPPs’, we were able to spatially separate the SPPs electric field
components. For normal-incident light, the pump—probe signal
of a propagating SPP is caused by the volume effect, while
plasmoemission is dominated by the surface effect, motivating
an extended yield model. In strong transient standing-wave SPP
fields, we observe multiplasmon electron emission up to the
fifth order from a flat surface, indicating how effective the plas-
monic electron emission pathway is. The experiments reflect the
quantum mechanical nature of the SPPs: The plasmoemission
probability is determined by the macroscopic electromagnetic
field, whereas energy is transferred in quanta of the SPPs energy.

Methods. The experiments were performed in a spectro-
scopic low-energy electron microscope’” (SPE-LEEM III) from
Elmitec GmbH. The ultrahigh vacuum (UHV) microscope with
a base pressure of <1 X 107'mbar is combined with a
femtosecond Ti:sapphire laser oscillator (Femtolasers) for two
photon photoemission experiments. The laser system provides
us with <15 fs short laser pulses at a central wavelength of
800 nm at a repetition rate of 80 MHz. For time-resolved
measurements, pump- and probe pulses were created in a
home-built Pancharatnam phase-stabilized Mach—Zehnder
interferometer.*® The general laser setup is described in more
detail in an earlier publication.*’ For imaging SPPs, we use a
normal-incidence geometry’* where the laser pulses impinge
onto the sample surface along the surface normal.

Polycrystalline, rough Ag thin films (Figure 1c and Figure 3)
and single crystalline, atomically flat Au platelets (Figure le and
Figure 2a) were used as plasmonic materials. The Ag films were
evaporated, whereas the Au platelets were produced by a single
step thermolysis on the native oxide layer of a Si substrate.”
The grating couplers were structured ex-situ via focused ion
beam milling (Helios Nanolab 600). Prior to the 2PPE measure-
ments in Figure 1 and Figure 2 a submonolayer amount of
cesium was deposited onto the samples from a standard Cs
dispenser (SAES Getters) to lower the work function and enable
a 2PPE process.

For the simulations in Figure 2b,d—f, eq 1 was calculated by
numerical (time) integration using Wolfram Mathematica. The
values for the phase and group velocity of the SPP wave packets
were calculated from literature values for the dielectric function
of gold.”" The electric field components were considered at the

interface inside the metal only. The total electric field E at the
interface consists of the pump- and probe laser pulse, ELI and

ELZ’ and the SPPs excited by the two laser pulses, ESI and ESZ,

respectively: E = ELI + Eg, + E|, + E,. For the situation of
two linear grating couplers, each laser pulse, i = 1,2, excites an
SPP at the left (I) and the right (r) grating coupler, and partial
reflection (ref) of each excited SPP at the opposed grating

> ref - rref

- =1 >r
coupler takes place, thus Eg; = Eg, + Eg; + Eg; + Eg; .The
amplitudes of the excited SPPs Esj:ill, j = L, and the reflected ones

Esj“ireﬂ” were chosen as ES’I’i“/OS = Eg:fe£||/0.06 = E; (for an
excitation at each of the five grooves), where E; is the electric field
strength of the laser at the interface.
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Space—time diagrams at different delay-times illustrating
the formation of all observed measurement signatures
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